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ABSTRACT

In the field of planet and proto-planctary disk detection, achieving high angular resolution and high dynamic
range is a necessity. Ground iiages are blurred by atinospheric turbulence and therefore adaptive optics iS neces-
sary to achicve sub-arcsecondimages. Coronography coupled with adaptive optics on ground-based telescopes is a
way 1o get both good spatial resolution and high dynamic range. However because of the atinospheric turbulence,
ground bascd systems arc still not capable of detecting plancts. The Hubble Space Telescope (11 S'1'), duc to its
location above the atmospliere, would be capable if the mirrors were perfect. However, because of the residual
figure errors onthe primary and 011 the sccondary, HS'I' has a scattered light level that, preventsit fromdetecling
extra-solar planets.

Our simulations show that by using an active mirror (400-1000 actuators) inthe optical path of HST' with
adaptive optics, we can correct the mirror errors and decrease the scat tering level by a factor 1 0% (from 104 to
1 0 % fainter than the star). Furtherinore, by controlling the spatial frequencies of the active mirror with a dark
Lole algorithin we can decrecase the scattering level in hinage zones where planet detection is likely. Using this
technique, we have succeeded in decreasing the scattering level 1o 3 x 1 07 ® of the star intensity within 1 arcsee
from the central star. This will dlow the detection of a Ju]liter-like planct 10 times dinnmner than the central
star located 10 pe away inlhour of integration time with a signal-to noise ratio of 5.

‘This paper describes the mnethod used to deterinine the actuator strokes applied to a deformable mirror to
achicve planet detection and the design of a coronograph which iinplements this novel techmique.

1. INTRODUCTION

Since the discovery of the planet Pluto, the 9™ planet of the solar systein, many aticipts have been made
to detect planets outside of our planctary systemn. This includes both indirect techniques such as astrometry,
radial- velocity measurcinents, phiotometry and direct techniques such as coronographic nnaging. 1

Because of its location and large collection aperture, 11 ST is a good candidate for direct imaging of planets.
Except for the large amount of splicrical aberration, HS'T has an ‘extremely precise primary mirror (A/60 at
0.841m). However the Space ‘I'elescope IS not expected to be able to detect plaucts, ever with the new corrective
optics (COSTAR and W1 /PC2), because the high spatial frequency figure errors 011 the priinary wirror are too
large. Thiese errors will generate scatter from the star and prevent planet detection, €Vely with the use of a
coronograph. Therefore we propose t0 usc active optics combined with a coronograph to increase the detection
capability of the Space Telescope.

All the intensity mcasurements calculated in this paper arc referenced to the star intensity at the center of the
telescope PSE before any instrument which modifies the star light distribution (€.g. coronograph, active mirror).

First we will review themajor obstacles to detecting planets with the Space Telescope (§2.). An overview
(§3.) of the active optics technology needed is then presented. The following section ($4. ) will describe llow we
usc the active opticsto get a low scattering level and then we will describe the coronographic lay-out (§5.).

2. PLANETDETECTIONIMAGINGISSURS

The key problem iu planct detection is that the planct is about 10 timnes fainter than the star. Consider a
planct located at 0.5 arcsec which corresponds to & AU, the Jupiter-Sun distance, at 10 pt.. Figure 1shows the
signal-to- joise ratio (SNR) for the case of the Hubible Space Telescope. We can see that in order 1o use reasonable
exposure time, we need a backgroundlevel 10" times lower than the star radiation. ‘T'here arc two origins for the
background: the diffraction Wings from the star (cf. § 2.1 ) and the scattered light (cf. $2.2.).
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a Sun-Jupiter systemn at 6 and 10 pe.

2.1. Diffraction

Consider the case where the telescope is perfeet and nothing perturbs the incoming stellar wavefront. Let us
also assuinc that both the star and the planct arc not resolved by the telescope.  Because of the limited size of
the telescope, the stellar beam will be diffracted asan Airy patternand the planet buried in the point spread
function of the star (sce fig. 2). If 7(u, v) is the pupil function then the intensity of the corresponding point

spread function (1',9]7) is given by )

; @

e

Io = |7(u,v)

where the symbol ”™ is the Fourier transforin operator.

The diffracted li.gilt contributes to the phioton hackground and actually prevents any detection of plaints. In
the case of }1S'1', the diffracted light level a the location of the planet is about 107 titnes smaller than the
central intensity of the star. That mcans that the background level would be 2 x 10° photons/s comnpared to the
2 photons/s coming from the planet Jocated at 6 pe (sce Table in Fig. 1). The SNIR in one hour of integrating
time would only be 0.3, which incans that detecting a planet would require an exceedingly long integration timne.

2.2, Scattering

Let us now consider the case of anactualmirror. The 11 ST mirror has a very accurate surface, but there are
some residual errors onthe surface. Scattering will be definedas any diffraction) pattern created only by the
smallrandom fig urc aberrations onithe inirror surface, i.e. by ¢, (u, v), the phasc error function. ‘1'l)m-fore, if the
mirror was perfect, ¢y (u, v) would be equal t0 zero at every point of the pupil. The intensity of the actual PSF
is then

—— 2

I = a(u, v)eitr(sy) 2

In order to separate ghie effect of diffraction from the effect of scattering, we will focus on the difference hetween
the actual PS¥ and the perfect point spread function (gencrated by a perfect wavefront, cf. § 2.1.). We perfonn
this difference with the complex amnplitude in the pupil plane. This is similar to using a Michelson interferometer

in the pupil plane with a differential o tical path length equal to half a wavelength.
1'herefore theseaat t,cril]g is expressed as.

Sy = [n(u, v) () - 1)] 3)
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Figurc 2: Radial brightness of the gtar. The planet is located a 1 AU and is
10-9 tines fainter thanthe star.

If the |)ase errors are sinall enough, 8¢ iy the case of TGP 4hen the scattering can be approximated by:

2

Sy & Ig s ¢161\,1’) , 4

where lois the previously defined PSF intensity distribution.

The image of the phase crrors of the Hubble Space Telescope is shown on Fig, 3. The data were taken from
a report by Roddier & Roddier? where ]~llasc-retrieval techniques were used on8-9 WF /PC-1images during the
HARP (1lubble Aberration Retrieval Prograim) program to assess the spherical aberrationon 11 S'1'.

The resulting scattering is shown on Fig. 4. We can sce that the scattering level is only about 10°to 1071
times dimmer than the star over the whole iinage and will prevent the detection of a planet. With a coronograph
we can reduce the main diffraction effect, but the background will still be limnited by this scattering. The SNR
results arc coinparable to those obtainedin§ 2.1., i.e. theneededintegrationtime to obtain a good SNR is too
long.

The diflracted and scattered lights arc two additive phenomena. We solved the two problemis separately, the
first with a coronograph (§ 5.) and the sccond with an active mirror (§ 4.). In this paper, we propose to use a
deforiablenirror to lower the scattering level in part of the iinage and to increase the detection performance in
a region where the planet is expected.

3. SPACE ACTIVE OPTICS

The space bascd coronograph will require a high density deforinable mnirror with low stroke to correct for
wavefront errors at low spatial scales. Because of packag ing constraints, the iinage of the pupil on the deformable
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Table 1. Space active optics VS. ground adaptive optics specifications

Paramcter Ground (D= 10m, rg= 20cin)  Space

# actuators 2500 300-1200

actuator stroke 1071111 50 mmn

actuator resolution 1011111 0.1 nm

servo bandwidth 50-200 1z <0.001 i~

wavefront sensor Hartinan/curvature ec. science camnera (using phase retrieval)

mirror Will not be very large. As ancxample, a designforthe 11.S'1" advaunced camera® resulted in a 2.5 an
diamcter for the re-imaged pupil. With actuator spacings of 1 i, this would result m 490 actuators across the

mirror, and then the deformable mirror would be capable of ouly correcting errors inthe HST prijnary at spatial
scales larger than 9.6 cin.

3.1. Space Adaptive Optics vs. Ground Adaptive Opstics

While the adaptive optics (AQ) concept is the same for ground and for space, its iimplementation in space and
on the gronnd are very different. Ground-based A() systemns are designed to remove the time-varying phase errors
introduced by atimospheric turbulence. Space AO has an entirely different goal, namely, to correct the fabrication
errors inthe large light-collecting optics and to thereby reduce the scattered light caused by those imperfections.
Table 1 shows the relevant parameters of space vs. ground A() systems.

Instead of correcting the wavefront for turbulence 100 times a second, space AO is a one-time-only (or e.g.
daily update) procedure. In space there is no need for a separate wavefront sensor; the science camnera can be
used to detect the wavefront error. Phase retrieval techuiques arc used on the science data to determine mirror
correction. Perhaps the biggest, differcuce is in the active mirror. On the ground the active mirror must remove
the effects © § turbulence which can T¢qUIre up to 10 pn of optical path for an 8-10 1 telescope. Inu space because
the primary and secondary mirror is well polished, the required stroke is very small, 50 nuat most. This canbe
inplemented with a new genceration of active mirrors for space which can be built at low cost.
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3.2. Integrated/Monglithic Activel Mirrors

Active mirrors far ground-based telescopes come in several flavors. Somne are based on stacks of PMN/PZTs
with face sheets. Others are based on PZT bimorphs. Yet others are based on PZ1T/PM N tubes. The carliest
deformable mirror was based on a monolithic picce of P71 with an clectrode pattern deposited on the P71 to
define the actuators. 'This type of active mirror is no longer used because the stroke of a single PZT layer is
insuflicient to correct the 10 jan effects of atMosh hieric turbulence. Yor space applicat ions, however, this single
layer of PMN/PZT is suflicient to change the optical path by 50 1. Figure b snows the concept for amnonolithic
active mirror, where photoli thographic techniques are used to define the size and nuinber of actuators. Auother
simplification of space AQ is inthe clectronics that drive the active mirror. Iigh bandwidth active nirrors require
ouc high voltage amplificr per actuator. PMN/PZ1 actuators, however, are totally capacitive and require power
only when the actuator is moved. No power is required if thenirror is asked to “hold” a particular position.
Hence, a single amplifier with a multiplexer can be used to drive the whole active nirror in space.

3.3.  Imtegrated monolithic deformable mirror for space

llc.cause of the high actuator densities required, thedeformable mirror will require anintegrated inethod of
fabrication. One design concept is shownin Fig. b (right pancl). A single piczoelectric wafer sandwiched between
clectrodes is used to provide the fore.cs necessary to deforin the mnirror. Because of the initial quality of the HST
optics the active mirror has a low stroke requircinent (= / - 50nm). Consequently, the PZT wafer does not need
to be diced. An clectrode pattern is deposited on the bot tom layer of the PZT wafer. This electrode pattern is
used to drive local regions in the PZT" wafer. Another metal layer is deposited on the top of the PZT and serves
as the ground plane. The electrode pattern will have to be fabricated using photolithographic techniques and
will requiremultiple layers to runsignal lines to the periphery of the device. The fabrication procedures must be
performed at temperatures which do not dep gle the PZT wafer andmnust result in a flat device so print-through
effects do not show up onthe top surface of theintegrated PZ1 wafer. ‘T'he whole sandwich asscinbly is bonded




on a glass substrate for structural support. A thinglass surface is then glued onthe top of the PZT sandwich.
Finally this surface is superpolished and coated to provide au extremely sinooth reflecting surface for thenirror.

4., SCATTERING: THE DARK HOLE AL G ORITHM
4.1, Introduction

As describedin§ 2.2., scattering is animportant limitation distinet from diffraction. The idea is to use the
active mirror to control the scattering level by setting the stroke of each actuator. YFor example, a pci-feet wavefront
with a sinall sinusoidal error inthe pupil would result, in two peaks inthe iinage plane located symmetrically
at the corresponding spatial frequency of the sinusoid. 'The deformable mirror, if it has enough actuators, can
remove the sinusoidal error in the pupil and hence the scattered light at the position of the peaks in the iinage
planc.

Given a finite number of actuators, not al the phase errors can be eliminated and there will be some residual
scatter. The goa is toreducethe scattering level down to less than 10-7 of the star intensity at the expected
location of the planet. The algorithn that we developed to calculate the actuators stroke is called the dark hole
algorithun.

The phasc at the pupil is then given by:

¢(u,v) = ¢1(u,v) - xakok(u,v), (5)
k

wlicre ¢ (u, v) is the figure error of theoptics, ox(w,v) is the influence function from the k" actuator and ax
is the stroke of the actuator-. 1 our siimulations we assumed that the influence functions are ouly piston only
actuators, i.e.
O if outside of sub-pupil k
oi(u, )= { 1 if inside of sub-pupil &

(6)

4.2. Max Strehl

Usually, active optics arc used to maximize the Strehlratio of theimage. This involves minimizing the rmms
wavefront error over the entire pupil and is equivalent to setting the average wavefront error on cach actuator
equal to zero. This results in decrcasing the scattered light near the center of the iinage and is shown on Fig. 6
(bottomn left pancl).

4.3. Nonlincar solution

In the case of planetl detection we do not necessarily want t0 suppress scatter ncar the center of the immage
but rather at the expected location of the planct (0.5 1 arcsec). In order to determine the actuator stroke @k,
we used a chi-square metric consisting of the total intensity in al the dark hole points. We defined a dark hole
point, a point of the image where we wish to remove the scattering.  The metric was then miniinized using a
Levenberg- Marquardt nonlincar least-square program. A more detailed description of the nonlinear |east-square
prograin is in preparation.”

A 1024 x 1024 array of points was ysed to sample both the hupil and the iinage plane. The pupil was actualy
only 204 pixels across. Figure 6 shows the result of the dark hole algorithm: it shows the cancellation of the stray
light in an annular region with 0.11 arcsee inner radius and 0.82 arcsec outer radius and a square spacing of 0.07
arcsee between the points. A grid of 37 x 37 actuators was used with 644 effective actuators. The zero constraint
has been applied to 568 image points. Panel (8) shows thelocation of the dark holes in the image plane. Pauel
(1,) displays the resulting intensity patterninthe itnage plane and panel (€) shows a radial average of the image
intensity. In this case, weachicved a scattering level less than3x 10 *below diflraction and a factor of 10 to
100 over the Max strehl solution. The algorithm converged to a solution which had a maxuimum of 4 / - 60mn
of stroke. It is important to notice that the scattered light is not lost, but redistributed outside of the dark hole
region.

4.4, Secnsitivity issucs

The scattering level that can be achieved by the dark hole algorithin can often be made arbitrarily siall by
increasing the nuinber of nonlincar least square iterations.In reality, however, the perforinance of the active
optics Will be lirnited by the knowledge of the wavefront aberrations and the surface quality of the deforimable
mirror. Errors due to imperfect knowledge of the phase errors inthe starlight wavefront are nmodeled as randomn
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errors intheactuator positions. We found that weneed a 1 min accuracy in both wavefront sensing and surface
quality of the active mirrorin order to achieve the results shown above.

The dark hole algorithin computes the optimumn actuator spacing at a particular wavelength. For a fixed
actuator configuration, when the wavelength chatges two things occur.  Virst the depth of the dark hole changes
in proportion to A%, Sccondly, the distance of the dark hole from the center of the iimage plane will change lincarly
with the wavelength. Inorder for the dark hole algorithin to function over a broad wavelength band, it is essential
that there is significant. overlap inthe dark liole regions over the entire observation spectral band. Consequently
it is important to cancel stray light inregions as close to the center of the field of view as possible.

5  DIFFRACTION: CORONOGRAPIY

5.1. Introducti on

A gencric coronograph consists of an occulting mnask introduced in the optical beam at the focus of the
telescope in order to suppress on-axis inage. Lyot®® pointed out that the efliciency of a coronograph w as
appreciably increased by using a Lyot stop, slightly smaller than the telescope aperture in a pupil plane following
the focal mask (sce Fig. 7).

Basically, a coronograph is anoptical cascade. The first occulting mnask has two purposes: (1) to reduce the
light comning from the central star by a direct occultation, and(2) to filter the low spatial frequency of the pupil.
This results in: (1) a reduction of the stellar light in the pupil planc, and (2) a redistribution of the remaining,
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Figure 7: Optical lay-out of a Lyot coronograph

light tothe edge of the pupil. The purpose of the Lyot stop iS then to mask the light located onthe edge of the
pupil. For a point located away frointhe central star, the occulting inask has a negligible Meet and the Lyot
stop decreascs only the size of the aperture causing a slight increase in the width of the ofl-axis 1',S1% .

5.2. Choices of the occulting mask and of the Lyot Stop

In order to get the best star light rejection, we need to optimize the transmission profile of the occulting inask
and the Lyol stop. The simplest shape is called sharp-edge and is a stop which has a transmission of 1 00% out
of themask and 0% inside the mask. This kind of mask is easy to build, but it is not very eflicient, because the
sharp edge creates diffraction rings in the pupil.

The amplitude in the Lyot plane is the convolution of the input pupil (the occulting mask is stopping all
the central stellar li.gilt but the outer rings which are located at the pupil edge) by the Fourier transformn of the
occulting mask shape. If the oceulting mask is gaussian, the best shiape for the Lyot stop is the input pupil shape
with a gaussian transition to the edge. The width of this transition is inverscly proportional to the size of the
focal mask.

However we chose another app roach which maximizes the signal to noise ratio in the image planc and therefore
in the Lyot pupil plane. The best way of accomplishing this is to compute the intensity of @ perfect on-axis source
in the Lyot plane and then to use a mask which is the inverse of this intensity distribution. In order to place
an upper limit on the mask we use a threshold level. The part of the pupil which is below the threshold level
has @ 100% transmission and the rest has a transimnission inversely proportional to the intensity of this perfect
source. Inorder to further increase the slope of the brightness radial distribution, we wultiplied this filter by a
filter having the following radial transmission:

. . s 4 ry)/2
T'(u,v) = ][] [ (”> v2)/2 1] (7

with 7y the pupil radius, ry the central obscurat ion radius.
5.3.  Simulations

A 1024 x 1024 array of points was used to sample both the pupil and the image plane. We took a verfect
wavefront with the shape of the actual I ST pupil. Figure 8 shows the result. of the coronograph siiulation. The
gaussian mask has a FWHM corresponding to four Airy rings. The transmission is 88% at. 0.5 arcsec from its
center. The Lyot stop transinits 21% of the input pupil arca resulting in a total throughput for the planet of
1 8%.
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Figurce 8 Results froin the coronograph simulations. See text for more details.

G. THE SPACE TELESCOPIE ADVANCED CAMERA AO/CORONO GRAPH

The goal of this study is o design an Active Optics Coronograph for the Hubble Space Telescope in order
to image extra-solar plancts directly. The instrument would be composed 0f optics to re-iinage the pupilon a
deformable mirror. The spherical aberration of H ST would be corrected by designing the active mirror with a
compensating curvature. The focal occulting mask would be located bcehind and followed by a Lyot stop at a
reimage of the pupil. A fold mnirror would articulate in order to align the active mirror with the primary.

T'o estimate the actual exposurc needed to detect a planct, we used the transmission given in Table 2. The
number of photons reccived per second from the planct is then 0.2 photon/s and requires 1 hdmn of integration
time to achieve a SNR =5 (cf. Table 3).

7. CONCLUSION

We have proposed a technique which will enable the Hubble Space Telescope to detect extra-solar planets in
a reasonable amount of exposure time. The technique uses space active optics with alarge number of actuators
in order to reduce the wavefronut errors of the primnary and secondary nirrors, and a coronograph to reduce the
amount of diffracted light from the central sonrce. Inthe future we will be demonstrating this technique in the
laboratory.
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Table 22 Fxposure tiine parameters
I

abble Space Telescope l Active Optics/Coranograph | [ Melector
Prinary mirror © 87% Deformable mirror 98% | Focal imask 88% Optics ~ 90%

| Secondary mirror 87% ‘ Relay lenscs 90 % Lyot stop 21% Q]O)]') 80%

| Transmission 1% Transmission 177 " 'J:‘;égﬁgii‘lissioni'??%f

[ T Rtal threnghput for the planct = 9%

Central wavelength = 0.8y1n

L Bandwidth = 0.4p0m _

[ Astrophysical parameters - -
Star distance 10 pc | Planct orbit - 592 AU -
Star radius 1R Planet albedo 0.5

| Star teinperature 5770K Planet radius 7% 10"

Table 3:  Fxposure tie result

[ Number of photons
detecled ner second:

| star 2X10%
background 5.2

Lp]anot 0.2

[ Fxposurc thme required

Signal/Noise Ratio 5

| integration time 1h 4m
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